Supplementary Information
(a) (b) (c) (d) Figure S1 : Clustering Process. Figure S11 : Example of preliminary test on regional scale with the MLE method by Clauset et al. [1] . In this example, our ROI is the same as the one for examination in Figure 6 of the main text. . Natural cities are defined with DN th = 4 in this case. The dashed line in grey representing linear relationship is marked for reference. An OLS regression is run after eliminating two data points marked by red circles. These two data points were discarded since the relatively high DN there is not to be the results of human activities, but glowing from evaporation ponds or coal mining industry. When we run an OLS regression without eliminating these two data points, R 2 = 0.86 and λ is estimated to be 1.26 with a 95% confidence interval (1.22, 1.31). 
Clustering Algorithm
We start by selecting an arbitrary illuminated cell (final results are independent of the choice of the initial cell) [2] . Iteratively, a cluster grows by adding its 8 nearest neighbour cells that is still luminous, until all neighbours of the boundary are unlit (see Figure S1 (a-c)). We repeat this process with the preset low light threshold until all luminous cells have been assigned to a cluster, which represents the adjacent lit geographical space under it (see Figure S1 (d)).
Estimation of Scaling Exponent
In this paper, we are mainly concerned with whether the size distribution of all natural cities in our ROI statistically demonstrates the characteristics as is indicated by Zipf's Law, which has been proved to hold in related empirical analyses (on country and continental scale [3] ). Therefore, we did not carry out an examination of any alternative distributions, such as a power law with an exponential cutoff or log normal. Similarly, some kind of non-parametric density estimation is also unnecessary for this purpose. Since the process from fitting the distribution to validating the hypothesis that the data is distributed according to a power law has been covered rigorously in the work of Clauset et al. [1] , we followed technical details of their maximum likelihood methods for preliminary test (especially for empirical analysis on regional scale, as is shown in Figure S11 ). We use regression analysis to estimate the power-law exponent of size distribution and the exponent of allometric scaling relationship. As is shown in Figure S2 , the logarithm of the areas of nighttime light clusters, when plotted in decreasing order against the logarithm of their ranks, fall on a straight line with negative slope within an rank range. This is a phenomenon of common occurrence, since the power-law form asserts itself only for the higher values despite distributions with a variety of behaviours for small values of the variable measured [4] . Instead of setting criteria for selecting a lower cutoff, we apply discrete version of generalized beta distribution (DGBD) as a fit for the data, namely:
In this paper, r is the rank value of cluster area S, r max is the maximum rank value, A a normalization constant and (α, b) two fitting exponents. Specifically, the exponent α is the one related to behaviours generating power laws, as is the case of scale invariance in turbulence in the so called inertial range where energy is transferred between different scales at the same rate [5] . The square of correlation coefficients, R 2 , is above 0.98 for all years under all DN thresholds (DN th ∈ [0, 50]), indicating the pertinence of this functional form.
The nighttime image data products used in this study do suffer from saturation of the DN values in the cores of urban centres. This presents some problems with respect to simple integration or summing of lights as a proxy measure of light emission from a given area. With the purpose of avoiding the problems of saturation in the DMSP-OLS imagery, a non-linear relationship between population and areal extent was used by Sutton to create a proxy measure of GDP [6] . For simplification, when to estimate the value of allometric scaling, we excluded natural cities with saturated lightness which only accounts for a negligible proportion instead of referring to other data sources and indirect relationships.
Regional Examination
The year 2009 was chosen because it was the latest product freely accessible when we first conducted our analysis. For detailed comparison between our model simulation results and nighttime light observations, we narrowed our scope down to part of the south central contiguous United States (CONUS), where the saturated lightness only makes up a negligible proportion so this region suffers less from the well-known saturation problem of DMSP nighttime lights data [6] . Using ArcGIS software, the nighttime lights image was re-projected into Lambert conic conformal projection, and a 1000pixel × 1000pixel region was extracted from the global image. The upper left corner of this region is 113.8 W, 42.2 N, upper right 101.7 W, 43.4 N, lower left 111.7 W, 33.5 N, and lower right 100.9 W, 34.5 N.
In this region, two lighted pixels were considered as connected if one of them is the Moore neighborhood of the other, and all the connected pixels formed a cluster. Thus we identified 921 clusters in Figure 6 (a) of the main text. For each cluster, we treated the total number of non-zero pixels as the area of the cluster, and the sum of non-zero pixels' values as the total lightness of the cluster. Then, the allometric scaling between lightness and area as well as the size distribution of the areas of all clusters were calculated to produce Figure 6 (c)(d) in the main text.
Country Examination
We quantify the size distribution of contiguous lit areas, namely the area distribution of natural cities, with its conformity to a power law and its scaling exponent for different low light thresholds (see Figure S3 (a)(b)). As another characterizing exponent of self-organizing city systems, allometric scaling between total lightness and spatial expansion is also illustrated in detail with the heatmaps (see Figure S3 (c)(d)). Such a super-linear relationship is robust on country scale while less significant (or, much closer to linear relationship) for more developed city cores.
By taking the average of the allometric scaling from 1992 to 2009 under each DN threshold (DN th ), it is shown that the exponents of both CONUS and China generally decrease as DN th varies from dim to bright. It is also interesting to find that average allometric scaling of these two countries gets almost the same value when DN th = 4, which is the definition corresponding to the most striking size difference between the largest and smallest cities as defined (see Figure  3 in the main text). However such a result is slightly difficult to interpret. More investigation on country scale is needed before any valid conclusion can be made.
Continental Examination
The original nighttime lights dataset was downloaded from NOAA National Geophysical Data Center (http://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html). The year 2009 was chosen because it was the latest product freely accessible when we first conducted our analysis. Although sunlit data, moonlight, glare, observations containing clouds and lighting features from the aurora are excluded from the DMSP nighttime stable lights dataset, gas flares are not. So we used the global gas flare map generated by NGDC (downloaded from http://ngdc.noaa.gov/eog/interest/gas_flares_countries_shapefiles.html) to identify and remove gas flares, reducing the possibility of mistaking them for urbanized areas. To make every continent comparable, we re-projected the nighttime light image into Mollweide equal area projection as is shown in Figure S4 (different from the map projection systems adopted in country examination). Then, to extract every single continent from the whole image, we imported a continents' boundaries shapefile (downloaded from http://www.arcgis.com/home/item.html? id=3c4741e22e2e4af2bd4050511b9fc6ad) into ArcGIS. During the process of extracting, Antarctica was ignored because the nighttime light image does not cover it.
We then systematically study size distribution and allometric relationship on continental scale by varying the threshold value DN th . The allometric scaling between total lightness and area as well as the exponents of size distribution in 2009 under each threshold (DN th ) are displayed in Figure S5 . It is shown that the exponents of all six continents generally decrease as DN th varies from dim to bright while remain above 1. That is, super-linear relationship is robust on continental scale while less significant (or, much closer to linear relationship) for more developed city cores. A statistical comparison of size distribution among Africa, Asia, Australia, Europe, South America, and North America when DN th = 4 is made in the main text (see Discussion). It is also noteworthy that the absolute value of exponent reaches its local maximum in Asia, Europe and North America at 4 in 2009.
Fractal Property of City Nighttime Light
In comparison with the research on the fractal dimension and fractal growth of urbanized areas in line with the definition by the US Bureau of the Census (1999a) [7] , we explored the fractal property of corresponding natural cities. In the original work by Shen, urbanized areas, identified by their central cities, were selected as follows. First, 1992 US urban population was ranked for all cities. Then, the top 40 cities were selected and numbered. The 20 cities with odd numbers ranging from 1 to 39 were selected for the study. According to World Database of Large Urban Areas ([Online] Available at: http://nordpil.com/go/resources/world-databaseof-large-cities/ [Accessed 10 November, 2013]), only 17 (Table S1 ) of those 20 cities selected are still in the top 40. Each city map represents a 180 km × 180 km square area at the city centre on nighttime light satellite image. Such a map or image size was selected to ensure that, in general, the central city can be included completely together with nearby minor cities or towns. For each image, we use box-counting method to calculate its fractal dimension with given threshold (see Figure S10 ).
Specifically, when DN th = 4 the fractal dimension and area of 17 US cities demonstrate a positive correlation (see Figure S6 ) throughout these 18 years (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). Such a relationship also exists for a wide range of DN th (see Figure S7 , S8, S9) . Since the growth processes of all other clusters can just be viewed as duplication of the course through which the largest cluster expands, we tracked the fractal dimension of the cluster that first comes into being in simulation. As in shown in Figure 4 (b) of the main text, there is a stable positive correlation between its size and fractal dimension.
7 Analytic Solution of the Model When = 0, m 0 = 1 When = 0 and m 0 = 1, there is only one cluster continuously grows in the considered region. The points are added into the system according to the geometric matching rule: only when a new settlement locates in the r radius of any existing settlement, it can survive. In this way, when time goes to infinity, the final region is approximately a symmetric disk in the two dimensional region. We set the radius of this disk as R(t) at time step t. We can obtain all the analytic properties of this disk.
First, we observe that,
Equation (2) is valid because that the average time between two updates to the settlements at the perimeter of the disk is approximately ∼ 1/R(t) and there are approximately ∼ R(t) positions at the perimeter to be updated; thus the average speed at which the radius increases is a constant (∼ R(t) · 1/R(t)). Therefore, we can obtain the area of this disk at time t is,
Next, we will obtain the total number of settlements and interactions within the disk. Suppose the density of settlements in an infinitesimal area dσ at the position X with the radial coordinate (ρ, θ) (ρ is the distance from X to the seed, the first settlement of this cluster, and θ is its angle to the seed) and time step s is µ(ρ, θ, s).
Because the disk is expanding with the speed R(t) ∼ t, µ(ρ, θ, s) becomes nonzero when the radius of the disk reaches ρ. We set this time step as τ, which is a function of the radial coordinate ρ. Therefore, from τ to the final considered time t, new settlements may have the probability to settle down at X. According to the crowding rule mentioned in the main text, the new generated settlement at position X will survive with the probability:
Thus, we obtain the following equation to describe the settlements accumulation at position X during the time interval [τ, t]:
Taking the derivative with respect to t on both sides of Eq. (5), we obtain a differential equation:
∂µ ∂t
Solving this equation with the initial condition µ(ρ, θ, τ) = 0, we obtain the following formula:
According to Eq. 7, it is easy to obtain the total number of settlements within the disk,
Finally, because all the connections between settlements are local (within r radius), we can obtain the local density of connections κ(ρ, θ, t),
Thus, the total lightness (connections) in the whole disk at time t is,
Therefore, the relationship between L(t) and A(t) is,
8 Analytic Solution of Size Distribution when m 0 = 1 and W → ∞
In the main text, we mention that the dynamics of the change in cluster sizes with the number of settlements can be approximated as a Yule-Simon process with an exponent smaller than 1 because the area of the region is very large. We present the analysis that supports this statement in detail here. If W → ∞, then the clusters may be isolated from each other. Therefore, the dynamics of each cluster can be viewed as an independent random process.
Suppose that at time t, there are s existing settlements and S(t) clusters. We let M N (t) be the total number of clusters with N settlements, and P N (t) = M N (t)/S(t) is then the fraction of such clusters among all clusters. We re-scale the time scale to s such that in a single step, only one settlement is added to either join one of the existing S clusters or, with probability , form a new cluster. Therefore, we can express the dynamical equation of M N (s) as follows:
where Z = ∑ ∞ N=1 N η M N (s), c and η are the allometric scaling constant and exponent between the area A(t) and the number of settlements N(t). According to Eq. 3 and Eq. 8, we know
Furthermore, based on M N (s) = S(s) · P N (s),
we find that
where δ N=1 equals 1 only when N = 1. And because,
Thus, we can derive Eq. (5) in the main text. We are interested in the stable state, so we let s → ∞; then, ∂P N (s) ∂s = 0, and we obtain
When s → ∞, we can set Z ∼ s because we know that N 0 < N η < N 1 , and thus, s =
and insert it into Eq. (18):
We can solve P N using this equation,
This quantity can be approximated as
where, ζ can be obtained using the following equation
And we insert A = cN η into Eq. 22 to obtain
Comparison with MSA and CCA
It is a long-standing problem that different definitions of spatial units based on administrative boundaries give rise to inconsistent conclusions at different scales [8] . As an attempt to remedy this problem, integrated economic and social units are defined with a relatively high population density at its core and close economic ties (measured by commuting, employment, etc.) throughout the area. Such as metropolitan statistical areas (MSAs) in the US, larger urban zones (LUZs) in the European Union, and urban administrative units (UAUs) in China. In comparison with our definition of natural cities, administrative boundaries of MSAs provided by the US Census Bureau (available online at http://www.census.gov/geo/maps-data/data/cbf/cbf_msa.html) are constructed manually based on subjective judgement. Since they are only available for the most populated cities in the US, any study of human agglomerations based on MSA is limited within the subset at the upper tail of size distribution. Moreover, due to the fact that many MSAs are constituted by aggregating small disconnected clusters, this definition framework overestimates the area of small agglomerations (see Figure S12 (a)) by including large unoccupied areas [9] . As a consequence, super-linear scaling exponents associated with interactions are supposed to be smaller for MSAs than natural cities. While MSA may delineate similar areas as natural cities (given proper DN th ) for large and developed agglomerations (see Figure S12 (c)), its origin for statistical purpose makes MSAs left behind by the real dynamics of city systems that is taking place. Natural cities that come from the mergence of previously separate agglomerations tend to be designated into different MSAs as before (see Figure S12 (b)). Recently, as a revision of conventional MSA, a two-step methodology is developed which allows for a dynamic, economically meaningful definition of cities [10] . It first defines populated settlements through urban morphology and then obtains metropolitan areas by adding areas to cities according to a commuting threshold. This revision greatly improves the consistency of definition by overcoming constraints of historical dependence and by supporting implementation in almost all countries. However, since the unit of agglomeration for this algorithm must be division or district already defined for administrative or political purposes, the realizations of such definition actually vary among different countries. For those countries with poor statistical systems, its realizations are hardly feasible, not to mention remain consistent and comparable with systems of cities constructed in other countries.
Methodologically, the definition of natural cities is more similar to CCA than MSA. The uniqueness of the idea behind natural cities lies in our emphasis on human activities over human presence. To demonstrate how the definition based on nighttime light will affect the allometric exponents, we examined the pivotal allometric relationship between area and population via the regression: log(Population) = λlog(Area) + z
To make this regression comparable to conclusions arrived under the definition using CCA and MSA, we also adopted The United States population dataset for the year 2000 from the Global Rural-Urban Mapping Project (GRUMPv1) on Lambert Conformal Conic projection. The original dataset is available online at http://sedac.ciesin.columbia.edu/data/collection/grump-v1/sets/browse. For MSA, 1 λ = 0.51 ± 0.06; for CCA, 1 λ = 0.94 ± 0.01 [9] . As is shown in Figure  S13 , 1 λ = 0.789 for natural cities when DN th is set to be 4. We did not explore over the whole range of low light thresholds. Specifically, given a relatively low DN th , natural cities are neither as overestimated as conventional MSAs, nor as actually populated as cities defined by CCA. Places significantly influenced by human activities yet not highly populated are taken into account as parts of natural cities, which can explain possible differences in scaling compared with CCA.
